High-quality chicken meat is an important source of animal protein for humans. Gene expression profiles in breast muscle tissue were determined, aiming to explore the common regulatory genes relevant to muscle and intramuscular fat (IMF) during the developmental stage in chickens. Results show that breast muscle weight (BMW), breast meat percentage (BMP, %), and IMF (%) continuously increased with development. A total of 256 common differentially expressed genes (DEGs) during the developmental stage were screened. Among them, some genes related to muscle fiber hypertrophy were upregulated (e.g., CSRP3, LMOD2, MUSTN1, MYBPC1), but others (e.g., ACTC1, MYL1, MYL4) were downregulated from Week 3 to Week 18. During this period, expression of some DEGs related to the cells cycle (e.g., CCNB3, CCNE2, CDC20, MCM2) changed in a way that genetically suggests possible inhibitory regulation on cells number. In addition, DEGs associated with energy metabolism (e.g., ACOT9, CETP, LPIN1, DGAT2, RBP7, FBP1, PHKA1) were found to regulate IMF deposition. Our data identified and provide new insights into the common regulatory genes related to muscle growth, cell proliferation, and energy metabolism at the developmental stage in chickens.
Introduction
Chickens are an important source of high-quality animal protein for humans. The broiler industry is one of the most active industry sectors today, aiming to obtain the highest meat tissue, the optimal ratio of carcass muscle to fat, acceptable physicochemical characteristics, flavor, health, and safety for consumers. Among them, muscle and intramuscular fat (IMF) are the two main characteristics, respectively, representing the yield and quality of meat [1, 2] . Essentially, this depends on the development of muscle and adipose tissue or cells, and their relationship.
Muscle fiber is the basic unit of skeletal muscle. It is formed by the fusion of several muscle cells [3] . Myoblasts originate from the mesoderm of the embryo. They proliferate in large numbers, migrate, and fuse into polynucleated cells to form muscle tubes, and then differentiate to form muscle fibers by regulation of Wnt, Shh, MyoD, and Myf5 [4] [5] [6] . The number of skeletal muscle fibers is mainly 
Tissue Samples and Measurements
Under carbon dioxide anesthesia, chickens with a similar weight were euthanized by severing the carotid artery at Weeks 3, 8, 13 , and 18, respectively (n = 20 per time point, five from each group). After slaughter, the pectoral muscles were dissected in the same area for all chickens, snap-frozen in liquid nitrogen, and stored at −80 • C until use for RNA-sequencing. Samples from the pectoral muscle on the other side were stored at −20 • C for biochemical analysis. In addition, the breast meat weight (BMW) and eviscerated weight (EW) were recorded, and breast meat percentage (BMP, %) was calculated (BMW as a percentage of EW).
Two grams of each sample were thawed, obvious fat was removed, and the samples were minced thoroughly. Minced samples were dried in two 10-12-h stages (at 65 • C and 105 • C, respectively), followed by cooling and drying in a desiccator for at least 30 min. The IMF contents in the pectoralis major were measured by the Soxhlet method [14, 15] , using anhydrous ether as the solvent. Results are expressed as percentages, on the basis of dry tissue weight.
Samples (~2 cm 3 ) of 3 randomly selected birds were removed from the same locations on the breast muscle. The samples were oriented for transverse fiber sectioning and mounted on cork disks using OCT Tissue-Tek (Sakura Finetechnical Co., Tokyo, Japan). Serial cryostat sections (10-µm; −20 • C) were cut, mounted, and stained with hematoxylin and eosin [16] . For each bird, muscle fiber size was estimated by measuring the minimum fiber diameter of 100 fibers using image analysis software, and the density of muscle fibers (fibers/mm 2 ) was estimated by point-counting stereology, counting 500 points.
RNA Extraction and Gene Expression Profiling
Total RNA was extracted from the pectoral tissue of the chickens at different time points (Weeks 3, 8, 13, and 18), using the TRIzol reagent ((Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. The quality of the RNA was assessed by 1% gel electrophoresis, and the RNA concentration was determined by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Hudson, DE, USA). The optical density (OD) 260/280 values of all samples were limited to a range of 1.8 to 2.0. RNA samples were subsequently used for gene expression profiling.
RNA from three representative chickens per week of sampling were selected for transcript detection. Based on ultra-high-throughput sequencing (HiSeq2500; Illumina, San Diego, CA, USA), gene expression profiling was performed at Berry Genomics (Beijing, China). Raw data were converted to FASTQ files using bcl2fastq (Illumina). Clean reads were generated by removing reads containing adapter and low-quality sequences. The results were mapped to the reference chicken genome and genes (Gallus gallus, Galgal5; available at https://www.ncbi.nlm.nih.gov/assembly/GCF_000002315.3) using TopHat 1.3.2 (https://ccb.jhu.edu/software/tophat). Gene expression levels were calculated using the RPKM method, as described by Mortazavi et al. [17] . Differentially expressed genes (DEGs) in different time-points comparisons (3w vs. 8w, 3w vs. 13w, and 3w vs. 18w) were analyzed using the R package edgeR. These genes were screened by the following criteria: |log2 FC| ≥ 0.58, with p < 0.05.
Data Analysis and qRT-PCR Detection
Based on the DEGs, Gene Ontology (GO) enrichment analysis was performed to identify the gene function classes and categories corresponding to the DEGs, using the ClueGO and CluePedia plugins of Cytoscape (https://cytoscape.org/). The significance level of GO terms enrichment was set at p < 0.05 as indicated in the Yekutieli method [18] . According to the results of the GO enrichment analysis, the related DEGs were screened. Significantly enriched signaling pathways of DEGs were analyzed by the KEGG (Kyoto Encyclopedia of Genes and Genomes), using Kobas 3.0 [19] . A p < 0.05 was considered to be indicative of statistical significance.
Using nine RNA samples from every groups, quantitative real-time polymerase chain reaction (qRT-PCR) was performed to confirm the results of the gene expression profiling. RNA samples were reverse transcribed using a TIANGEN ® FastQuant RT Kit (TIANGEN, Beijing, China), and specific primers were designed and shown in Table 2 , placing them at or just outside of the exon/exon junctions. Samples were amplified using the real-time PCR Detection System ABI 7500 (Applied Biosystems, Shanghai, China). The PCR mixture contained 10 µL of 2× iQ™ SYBR Green Supermix, 0.5 µL (10 µmol/L) of primers, and 1 µL of cDNA, along with ddH 2 O for a total volume of 20 µL. After initial denaturation for 30 s at 95 • C, amplification was performed for 40 cycles (95 • C for 5 s and 60 • C for 32 s). PCR efficiency for these genes and β-actin was consistent. The comparative cycle threshold (CT) method was used to determine fold-changes in gene expression [20] , with fold-changes being calculated as 2 −∆∆CT . The results are expressed as the mean fold-change in gene expression from triplicate analyses, using samples of 3-week-old chickens as the calibrators (arbitrarily assigned an expression level of 1 for each gene). Correlations between relative abundance from qRT-PCR and gene expression profiling data were also calculated. Table 2 . The specific primers for Q-PCR in this study.
Gene
Sequence Accession NO. 
Statistical Analysis
Statistical differences between pairs of groups (3w vs. 8w, 3w vs. 13w, and 3w vs. 18w) were evaluated using the Student's t-test. All computations were performed, using SPSS Version 20.0 (IBM Corporation, Armonk, NY, USA). The Spearman rank correlation analysis was performed to assess the association between data from gene expression profiling and qRT-PCR. A p < 0.05 was considered significant, and data are presented as mean ± SEM.
Results

Changes in Live Weight, Pectoral Muscle, and IMF
Data on the BMW, BMP, and IMF in breast muscle tissue of the chickens at 3, 8, 13, and 18 weeks are presented in Figure 1a . Both of the BMW and BMP (%) have continuously increased (p < 0.01) through development from 3 weeks to 18 weeks. Similar observations were recorded for IMF (%), which also continuously and significantly increased (p < 0.05 or p < 0.01) throughout the development period. In addition, the density and diameter of the muscle fibers were also analyzed, showing that the diameters of the breast muscle fibers continuously and significantly increased, while the density of the fibers accordingly decreased through development from 3 weeks to 18 weeks (p < 0.05 for both; Table 3 and Figure 1b ). through development from 3 weeks to 18 weeks. Similar observations were recorded for IMF (%), which also continuously and significantly increased (p < 0.05 or p < 0.01) throughout the development period. In addition, the density and diameter of the muscle fibers were also analyzed, showing that the diameters of the breast muscle fibers continuously and significantly increased, while the density of the fibers accordingly decreased through development from 3 weeks to 18 weeks (p < 0.05 for both; Table 3 and Figure 1b ). 
Identification of DEGs
Using gene expression profiling, a total of 256 commonly known DEGs from three comparisons (3w vs. 8w, 3w vs. 13w, and 3w vs. 18w) were screened. Of these, 86 were downregulated and 170 were upregulated (Table S1 ). Gene Ontology (GO) analysis was performed on these 256 DEGs, with the main GO terms being positive regulation of angiogenesis, positive regulation of DNA binding, cell division, kinetochore organization, negative regulation of transcription, cell wall macromolecule catabolic process, regulation of cardiac muscle contraction, muscle contraction, and more (Table S2) . Similarly, using KEGG pathway analysis on these 256 DEGs, eight significantly enriched pathways were found (Table S3 and Figure 2 ), including pathways related to cell number (apoptosis, cell cycle, and oocyte meiosis). In addition, the focal adhesion, ECM-receptor interaction, glutathione metabolism, phagosome, and pyrimidine metabolism were also screened out.
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Using gene expression profiling, a total of 256 commonly known DEGs from three comparisons (3w vs. 8w, 3w vs. 13w, and 3w vs. 18w) were screened. Of these, 86 were downregulated and 170 were upregulated (Table S1 ). Gene Ontology (GO) analysis was performed on these 256 DEGs, with the main GO terms being positive regulation of angiogenesis, positive regulation of DNA binding, cell division, kinetochore organization, negative regulation of transcription, cell wall macromolecule catabolic process, regulation of cardiac muscle contraction, muscle contraction, and more (Table S2) . Similarly, using KEGG pathway analysis on these 256 DEGs, eight significantly enriched pathways were found (Table S3 and Figure 2 ), including pathways related to cell number (apoptosis, cell cycle, and oocyte meiosis). In addition, the focal adhesion, ECM-receptor interaction, glutathione metabolism, phagosome, and pyrimidine metabolism were also screened out. According to the GO terms and KEGG pathways analyses results, a total of 24 DEGs related to muscle development (n = 7), cell number (n = 10, including apoptosis, n = 4, and cell cycle, n = 6), and energy metabolism (n = 7, including lipid metabolism, n = 5, and glycol-metabolism, n = 2) were respectively indicated (Table 4 ). Moreover, qRT-PCR was performed for these 24 genes to validate According to the GO terms and KEGG pathways analyses results, a total of 24 DEGs related to muscle development (n = 7), cell number (n = 10, including apoptosis, n = 4, and cell cycle, n = 6), and energy metabolism (n = 7, including lipid metabolism, n = 5, and glycol-metabolism, n = 2) were respectively indicated (Table 4 ). Moreover, qRT-PCR was performed for these 24 genes to validate the accuracy of the gene expression profiling data, and the association between data from gene expression profiling and qRT-PCR was analyzed by Spearman rank correlation. Results showed that the fold-change of gene expression between the two methods was significantly correlated (r = 0.9683, p < 0.01; Figure 3 ). 
Differentially Expressed Genes Related to Muscle Development, Cell Number, and Energy Metabolism
As shown in Table 4 , the seven common DEGs related to muscle development, at the timeframe studied, were screened and the gene expression fold-change ranged between 2 and 32. Samples from Week 3 were used as control. Results from the qRT-PCR analysis showed that the expression levels of CSRP3, LMOD2, MUSTN1, and MYBPC1 were significantly higher (p < 0.05 or p < 0.01) at all other time points when compared to those at Week 3, but the expression levels of ACTC1, MYL1, and MYL4 were significantly lower (p < 0.01) in the same comparisons (Figure 4 ). These seven genes were only enriched in the GO terms, such as regulation of cardiac muscle contraction and muscle contraction, but not in the related signaling pathway. enriched in the GO terms, such as regulation of cardiac muscle contraction and muscle contraction, but not in the related signaling pathway.
Similarly, seven common DEGs related to glycol-metabolism or lipid metabolism at the developmental stage were screened. Again, samples from Week 3 were used as control. The foldchange found ranged between 2 and 5. qRT-PCR results showed that the expression levels of ACOT9, CETP, and LPIN1 were significantly higher and those of DGAT2, RBP7, FBP1, and PHKA1 were significantly lower at all evaluation time points when compared to those at Week 3 (p < 0.01; Figure  5 ). These genes were found to be mainly involved in the corresponding signaling pathways, but not significantly enriched.
In addition, 10 common DEGs related to cell cycle or apoptosis at the developmental stage were screened. All were shown to have been downregulated when compared to samples from Week 3 that acted as the control. Fold-change ranged between 2 and 11. Using qRT-PCR, we found that the expression levels of these 10 genes, which were enriched in the cell cycle and oocyte meiosis pathways (BUB1, CCNB3, CCNE2, CDC20, MCM2, PLK1) or the apoptosis pathway (BIRC5, CTSK, LMNB1, LMNB2) ( Figure 6 ), were significantly lower (p < 0.05 or p < 0.01) at other stages of development when compared to those at Week 3. Similarly, seven common DEGs related to glycol-metabolism or lipid metabolism at the developmental stage were screened. Again, samples from Week 3 were used as control. The fold-change found ranged between 2 and 5. qRT-PCR results showed that the expression levels of ACOT9, CETP, and LPIN1 were significantly higher and those of DGAT2, RBP7, FBP1, and PHKA1 were significantly lower at all evaluation time points when compared to those at Week 3 (p < 0.01; Figure 5 ). These genes were found to be mainly involved in the corresponding signaling pathways, but not significantly enriched.
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In addition, 10 common DEGs related to cell cycle or apoptosis at the developmental stage were screened. All were shown to have been downregulated when compared to samples from Week 3 that acted as the control. Fold-change ranged between 2 and 11. Using qRT-PCR, we found that the expression levels of these 10 genes, which were enriched in the cell cycle and oocyte meiosis pathways (BUB1, CCNB3, CCNE2, CDC20, MCM2, PLK1) or the apoptosis pathway (BIRC5, CTSK, LMNB1, LMNB2) ( Figure 6 ), were significantly lower (p < 0.05 or p < 0.01) at other stages of development when compared to those at Week 3. In addition, 10 common DEGs related to cell cycle or apoptosis at the developmental stage were screened. All were shown to have been downregulated when compared to samples from Week 3 that acted as the control. Fold-change ranged between 2 and 11. Using qRT-PCR, we found that the expression levels of these 10 genes, which were enriched in the cell cycle and oocyte meiosis pathways (BUB1, CCNB3, CCNE2, CDC20, MCM2, PLK1) or the apoptosis pathway (BIRC5, CTSK, LMNB1, LMNB2) ( Figure 6 ), were significantly lower (p < 0.05 or p < 0.01) at other stages of development when compared to those at Week 3. 
Discussion
Muscle development of broilers closely affects the quantity of chicken products available for human consumption. Intramuscular fat is an important factor affecting meat quality [21] [22] [23] . Local Chinese chickens have a high meat quality as they have a high IMF content [24] . The developmental stage is the main muscle and IMF formation period. At the same time, myocytes and adipocytes mutually influence each-other due to their close adjacent relationship in the muscle tissues. Identification of co-expressed genes in the muscle tissues during the developmental stage has great significance for controlling muscle production and regulating meat quality. Such analysis could reveal the molecular regulation relationship between them. The remaining energy from the yolk sac can supply the body's needs for yellow-feather broilers during the first two weeks after hatching [25] . Therefore, four different stages of development were assessed: Week 3 (starting time, acted as baseline control), Week 8 (rapid development), Week 13 (development peak), and Week 18 (market time). Comparisons between Week 3 and the other three time points was performed to screen for common DEGs, which might be the key functional genes affecting muscle or IMF development during the entire developmental period. In addition, the RPKM method was used in the calculation of gene expression levels to obtain more information on the related genes, though the TPM will be more reliable. Meanwhile, the verification of the screened candidate genes was also strengthened by Q-PCR to ensure the reliability of data.
For the 256 DEGs screened out in breast muscle tissue samples at different developmental stages, we further identified the related functional genes by GO and KEGG analyses. Both final muscle and IMF production are the joint result of cell proliferation and differentiation, and energy metabolism plays an important role in this process [26] . Consequently, the functional genes related to muscle development (n = 7), cell number (n = 10, cell proliferation and apoptosis combined), and energy metabolism (n = 7, glucose and lipid metabolism combined) were combed out. Subsequently, these 24 genes were assessed by qRT-PCR in breast muscle tissue, at the different time points, to verify the gene expression profiles data. The verification ratio reached 7.8%, and the correlation analysis showed a high degree consistency between the two methods (r = 0.9683, p < 0.01), which supports the accuracy of the data from the gene expression profiles.
The number of skeletal muscle fibers is mainly determined at the embryonic stage, and the 
The number of skeletal muscle fibers is mainly determined at the embryonic stage, and the occurrence of changes in the skeletal muscle after birth is mainly due to the fusion of the muscle satellite cells with the muscle fibers, resulting in hypertrophy of the skeletal muscle fibers [9, 10] . In this study, seven common DEGs related to muscle development during the developmental stage were screened out. Among them, CSRP3, LMOD2, MUSTN1, and MYBPC1 levels were significantly higher, and levels of ACTC1, MYL1, and MYL4 were significantly lower at all time points, when compared to Week 3. In a similar study, MYBPC1 had been shown to have a significantly higher expression level during development in breast muscle tissue [13] . It had been reported that CSRP3, LMOD2, MUSTN1, and MYBPC1 have important positive regulation on myofibril assembly and hypertrophy of muscle fibers [27] [28] [29] , while MYL1 and MYL4 have a negative regulatory effect on myogenesis by inhibiting myoblast proliferation [30] . Phenotypic results showed that BMW, BMP (%), and muscle fiber diameter have all continuously and significantly increased, indicating that muscle growth mainly depends on regulation of the differentiation (hypertrophy) of muscle fiber from 3 weeks to 18 weeks. Comprehensively considering these results, these seven genes were identified as key regulatory genes related to muscle growth at the developmental stage in chickens.
Energy metabolism plays an important role in muscle development. A lack of energy will trigger muscle atrophy by various signaling pathways. It was found that FBP1 and PHKA1 mRNA levels have significantly decreased during development. According to published information, FBP1 and PHKA1 play an important regulatory role in gluconeogenesis or glycogen synthesis [31, 32] . These results point to the possibility that positive regulation of glucose utilization might be enhanced, and regulation of gluconeogenesis or glycogen synthesis would consequently be reduced in muscle tissue at the developmental stage. For genes related to lipid metabolism, it is known that DGAT2 and RBP7 have an important positive regulatory role in lipid deposition [33, 34] , ACOT9 and LPIN1 promote lipolysis [35, 36] , and CETP is involved in reversed cholesterol transport and reduced fat accumulation in chickens [37] . In this study, mRNA expression levels of DGAT2 and RBP7 were significantly lower, and those of ACOT9, CETP, and LPIN1 were significantly higher in breast muscle tissue throughout the development period. Combined with the continuous increase in IMF over time, although the rate of increase slowed down gradually, our results suggest that these lipid metabolism-related genes have a regulatory function on IMF deposition at the developmental stage in chickens.
Tissue development is the combined result of cell proliferation and differentiation. Thus, regulation of cell number was also analyzed. It is known that both cell proliferation and apoptosis could affect cell number. These were therefore also a focus of this study. Ten common DEGs related to cell proliferation (BUB1, CCNB3, CCNE2, CDC20, MCM2, and PLK1, which were mainly enriched in the cell cycle and oocyte meiosis pathways) and apoptosis (BIRC5, CTSK, LMNB1, and LMNB2) were screened out, and mRNA expression levels of all were significantly lower in breast muscle tissue throughout the development stage. As is widely known, BUB1, CCNB3, CCNE2, CDC20, MCM2, and PLK1 genes have a positive regulatory effect on the cell cycle [38] [39] [40] [41] [42] , and BIRC5, CTSK, LMNB1, and LMNB2 genes promote cell apoptosis [43] [44] [45] . The number of skeletal muscle fibers is mainly determined at the embryonic stage, while occurrence of new skeletal muscle after birth is mainly due to activation, proliferation, and differentiation of satellite cells [9, 10] . Results on the density and diameter of muscle fibers showed no increase in the number of muscle fibers. Genetically, it was made clear that these 10 key genes regulate cell number in breast muscle tissue at the developmental stage in chickens.
The approach of the present study was to use gene expression profiling to identify the common functional genes that regulate muscle development, IMF accumulation, and cell number in muscle tissue of chickens during development. Possible regulation by translational mechanisms and post-translational modifications may have also contributed. Because of tissue complexity, additional experiments on the expression, localization, and function of the regulatory genes should be further performed to reveal the clear function and regulatory mechanism of these candidate genes on muscle development in chickens.
Conclusions
In this study, we screened for common regulatory genes related to muscle development, cell number, or energy metabolism at the developmental stage in chickens. Upregulation of CSRP3, LMOD2, MUSTN1, MYBPC1, and MYCBP2, and downregulation of ACTC1, MYL1, and MYL4, are associated with muscle development, primarily hypertrophy of muscle fibers, during development from 3 weeks to 18 weeks. Expression change for genes related to lipid metabolism (ACOT9, CETP, LPIN1, DGAT2, and RBP7) and glycol-metabolism (FBP1 and PHKA1) may have contributed to the continuous increase in IMF deposition. Meanwhile, the screened-out cell-cycle-and apoptosis-related genes reflect on the negative regulation of cell number at the developmental stage. These findings provide new insights into the regulation of muscle development in chickens.
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